face.
The small angle reflectivity provides information about the mean electron density including the thickness and roughness of the surface layers.
The results obtained will be described and the potential of the technique reviewed.
-INTRODUCTION
Two different types of X-ray measurements have been used to study the properties of silicon and silicon oxides.
The first of these is a measurement of the X-ray reflectivity as a function of the angle of incidence.
Since the refractive index of materials is less than one, by an amount proportional to their electron density, the reflectivity of the X-ray beam gives information about the variation of the electron density as a function of the depth in the material / l /.
A second technique which is applicable only to crystalline materials, is to study the scattering arising in the neighbourhood of the Bragg reflections of the underlying host lattice. Since in all real samples the crystal is not infinite but has a surface, there is scattering in the neighbourhood of the Bragg reflections which provides information about the termination of the crystal lattice / 2 / .
This scattering is particularly informative when there are epitaxially grown structures, but can also be informative about the interfaces of crystalline and polycrystalline layers such as Si -Si02. More explicitly the scattering associated with the surface occurs for wavevectors Q = 2 + g, where 2 is a reciprocal lattice vector and q is a wavevector perpendicular to the surface plane.
These two techniques were used to study Si and Si02 layers and the results have already been reported 131.
In this paper these results are reviewed, and additional measurements reported so as to clarify particular aspects.
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Article published online by EDP Sciences and available at http://dx.doi.org/10.1051/jphyscol:1989713 arrangement. The reflectivity measurements are then described in section 3, while the results obtained near the Bragg reflections are reported in section 4 .
-EXPERIMENTAL ARRANGEMENTS
The experiments were all performed using a triple crystal X-ray diffractometer at Edinburgh University.
The X-ray source was a GEC Avionics rotating anode tube with a Cu anode and a line focus 0.03 m in width and 3 nun high, and operated with a power of about 3 kW. CuKa X-rays were selected and collimated by a monochromator which was either a (111) Si or (111) Ge crystal plane. The monochromatic beam was then incident on the sample, and the collimation of the scattered beam again controlled by a similar analyser crystal before it was detected with a NaI scintillation counter.
This arrangement is different from the more usual arrangement employing a simple slit to define the collimation of the scattered beam.
We believe that the use of an analyser has considerable advantages over a slit in improving the experimental results despite its obvious disadvantage in reducing the count rate.
Firstly the analyser crystal decouples the scattered direction from the position of the elements of the instrument.
This considerably simplifies the alignment of the instrument and the calculation of the resolution function 1 4 1 .
Secondly the use of an analyser crystal greatly improves the instrumental resolution. Typically an open slit gives a scattered beam resolution -O.OSO, which is much larger than the incident beam collimation -0.003°. This improved resolution is of importance for some of the measurements reported in this paper as shown in fig. 1 , where we show a scan of the scattered beam angle which shows a peak at the specular angle and another when the scattered angle is the incidence angle and the critical angle.
This second peak is characteristic of the scattering from all rough surfaces and can be explained qualitatively using a dynamical theory /5/, but if the specularly reflected intensity is required this latter peak must be discriminated against.
This scattering becomes a more severe problem for the rougher surfaces. The count time is 80slpoint and the results show the specularly reflected peak at 1.70' and an additional peak at qi + qc = 1.03°,
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Thirdly the triple crystal spectrometer enables the scattering to be obtained accurately even if the surface is not wholly flat. With a two crystal arrangement if the sample surface is macroscopically bent, as indeed some Si wafers are, the extent of the bending degrades the resolution with which the reflectivity can be measured. In contrast in the three crystal configuration the directions of the incident and scattered beams are well defined, and so the total specular intensity can be obtained by rocking the sample while keeping the incident and scattered beams fixed.
This integrated intensity is then analogous to the integrated intensity observed in a crystallographic experiment from a mosaic crystal.
Most of the experiments reported in this paper were performed by scanning the detector arm, as shown in fig. 1 , and integrating the intensity of the specularly reflected beam.
The samples used were all 50 mm diameter Si slices with the slices cut perpendicular to either the (1111 or (100) crystallographic axes. All of the wafers were prepared by the microfabrication facility of the Electrical Engineering Department by etching in HF and then exposing to the atmosphere at room temperature.
Other wafers were heated in a low pressure of oxygen to produce Si02 layers with a nominal thickness of 30, 50 and 90 A.
-REFLECTIVITY MEASUREMENTS
As reported earlier 131 the initial measurements were performed to examine the extent to which X-ray techniques could be used to study the thickness of the oxide layers on silicot.
In fig. 2 we show the results obtained for a layer with an oxide film of nominally 90 A, and a fit to its reflectivity with a single layer on top of the silicon.
The parameters of the fit gave the layer as having a change in electron density of -4.8 f 1.0%, a thickness of 98.0 f 0.3 X and a surface roughness of 5.2 + 0.1 1 . These results showed that X-ray scattering does indeed provide a non-destructive way of measuring the oxide thicknesses. Fits to a single layer on top of the silicon gave a layer thickness of 1.7 + 0.9 A, a width of 9.4 f 0.5 A, and an increase in electron density of 30 f 2%. These results are clearly not physically sensible, and so we have continued to study the native oxide films.
In particular it was suggested that the Si -0 films may absorb water from the atmosphere and so a single layer model may be inadequate.
We believe that we have confirmed this by means of two experiments.
In fig. 3 we show the reflectivity of a (100) silicon slice, and a fit based on a two layer model.
The data is very similar to that shown in fig. 2 Fig. 3 -The reflectivity of a native (100) Si slice left exposed to atmospheric conditions as a function of angle $, the incidence angle = 812. The solid line is the fit described in text and Table. TABLE Two layer fits to the data shown in fig 1   0 obtained with an additional 8 A layer of very low electron density -water -on the top surface.
In order to confirm this the wafer was dipped in distilled water and allowed to dry and the reflectivity remeasured with the results shown in fig. 4 . The reflectivity clearly changed, but the parameters were very similar apart from the thickness of the water layer as shown in the table.
A further experiment was then performed by heating the wafer to 150 C after which the refl~ctivity was again different but could be fitted by a water layer with a thickness of only 5 A.
We conclude that native silicon oxide layers when exposed to atmgspheric conditions (in Edinburgh), do take up water and that they typieally have about 16 A of oxide and a further 9 1 of water vapour, These results do, however, show that care is After these measurements were made two further experiments have been reported by Kashihara et a1 / 6 / and by Robinson et a1 171. The former experiments were similar to ours except that measurements were made for both +q and -q, and detected an asymmetry which was interpreted in terms of a deviation in lattice parameter and atomic population of the surface layers.
We have attempted to confirm their results as shown in fig. 6 for a (111) slice, but the asymnetry and deviations from lIq2 are smaller than those observed by Kashihara et al.
The results obtained by Robinson et a1 were performed with a synchrotron source and the surface scattering could be followed continuously from one Bragg reflection to the next. This enabled a detailed model of the silicon -silicon oxide interface to be proposed.
More recently we have made measurements on a (100) slice near the (422) Bragg reflection as shown in fig. 7 . The results again suggest that the interface is very flat and within the errors there is very little difference between the results for +q and -q suggesting that the silicon lattice is relatively undistorted at the interface. 
-CONCLUSIONS
We have studied silicon and silicon oxide layers with laboratory X-ray sources. We have shown that we can accurately determine the thickness of the layers, their flatness, and their electron density. Laboratory sources enable the reflectivity or surface truncation rod scattering to be measured for wavevector transfers less than 115 of the Brillouin zone. This means that the technique is reliable for structures on a scale of 3 or more lattice parameters, -20 8, or more, in thickness. This is well illustrated by the problems found in the interpretation of the native oxide layers where a thin water vapour layer was not at first anticipated and so the initial interpretation of the data was spurious.
Further developments of the techniques are required to obtain atomic scale information about surfaces and interfaces. This extra detail is already possible using synchrotron sources as shown by Robinson et a1 171, and may in the future become possible also using laboratory sources, but this will require further instrumental development. Since laboratory sources are much more readily available than synchtrotron sources, it is clearly of importance that these techniques be developed, so that X-ray techniques can play a definitive role in solving the structures of thin layers and buried interfaces. 
